The manufacturing of high-performance fabrics requires numerous chemical treatment steps that involve the use of per-and polyfluoroalkyl substances (PFASs) to protect apparel against water, stain, and oil penetration. However, air and wastewater emissions of PFASs generated during this manufacturing are a potential threat to both factory workers and the environment. We investigated the occurrence and distribution of PFASs in wastewater, air, airborne particles, and settled dust in a textile manufacturing plant in China. PFOA and PFDA or their precursor compounds 8:2 FTOH and 10:2 FTOH were the dominant compounds in all environmental media tested, revealing that long-chain PFASs were preferably used for the manufacturing of functional garments. Besides, PFASs were detected along the textile manufacturing chain, indicating that they were used as durable water repellents and as surfactants in, for example, coating agents. The workers' exposure to FTOHs via air inhalation was up to 5 orders of magnitude higher than the background exposure of the general western population. To the best of our knowledge, this is the first study providing information regarding the emission of PFASs during the manufacturing of textiles via various environmental media.
■ INTRODUCTION
A key requirement for outdoor and protective apparel is a resistance to water, stains, and oil. Using per-and polyfluoroalkyl substances (PFASs) seems to be the most efficient method to provide these types of clothing with this functionality. However, concerns about their hazardousness have led to the use and further development of numerous fluorine-free alternatives based on, for example, polyurethane, silicones, and (paraffin) waxes.
1,2 Because the performance of garments treated with these alternatives is not comparable with the performance generated by the fluorochemicals, 1,2 PFASs are still widely used and, therefore, found in various textiles in a typical concentration range of several hundred μg/m 2 . 3−5 PFASs may escape during the lifetime and disposal of apparel via wastewater, air, and sewage sludge, potentially threatening both consumers and the environment.
6−8 The manufacturing of high-performance fabrics is potentially an additional source of PFAS emissions because PFASs act as main ingredients in durable water repellent (DWR) finishes.
9 DWRs extend the lifetime of a garment and, by lowering the fiber's surface energy, impart water, oil, soil, and stain repellency to textiles. Their chemical structure is characterized by side-chain fluorinated polymers prevalently based on fluorotelomer acrylates (FTACs), fluorotelomer methacrylates (FTMACs), or perfluoroalkane sulfonamidoethanols (FASEs) ( Figure S1 ). 10 Aqueous dispersions of these polymers typically contain 80% water, 20% polymer, 0.5% unreacted and unbound residuals, such as fluorotelomer alcohols (FTOHs), and impurities, such as perfluoroalkyl carboxylic acids (PFCAs).
11, 12 The exact composition and, thus, the proportion of residuals and impurities vary among the fluorinated polymeric products on the market. For instance, residual fluorinated alcohols have been found in various fluorinated polymers and fluorosurfactants at percentages between 0.04 and 5.9% of the dry weight. 12, 13 Residuals and impurities may be released directly from the products into the environment through volatilization. Additionally, the polymers can degrade under environmentally relevant conditions via cleavage of the ester bond of the fluorinated side-chain, resulting in the release of fluorinated alcohols. 14−16 Once in the environment, fluorinated alcohols can break down into PFCAs and perfluoroalkanesulfonic acids (PFSAs). 17−21 PFCAs and PFSAs are environmentally concerning because of their high persistence; potential to bioaccumulate, and thereby possibly biomagnify; and potential to cause toxic effects. 22 With more than 100 000 garment manufacturers and over 10 million people employed in the garment industry, China has rapidly become the world's leading manufacturer and exporter of garment products over the past decade. 23 The textile manufacturing plant with approximately 1800 employees specializes in the weaving, dyeing, and finishing of polyester textiles and produces functional fabrics for numerous national and international brands. Textile wet-processing generally generates numerous air and wastewater emissions of volatile organic compounds and chemical auxiliaries. 24 Thus, textile manufacturing plants, where DWRs containing fluorinated polymers are applied to fabrics, are potential sources of PFASs in the environment. Until now, studies have only focused on the PFCAs load in effluent water and sewage sludge from the textile industry. 25−27 This paper reports the emissions of PFASs via wastewater, air, airborne particles, and settled dust along the textile manufacturing chain, from the scouring to the quality inspection of the fabric, in a manufacturing plant in China. The results are compared with concentration levels from other environments, in general, and with concentration levels emitted from the fluorochemical and fluoropolymeric industries, in particular. The workers' exposure is roughly estimated and compared with exposure scenarios from other occupational environments, where similarly high PFAS emissions were observed. Wang et al. emphasized that the understanding of the PFCA origins in the environment is still incomplete. 28 The authors identified critical knowledge and data gaps that include the emission volume of PFCAs from other than from fluoropolymer production facilities. Our results may help in closing this knowledge gap.
■ MATERIALS AND METHODS
Sampling Site. The textile manufacturing plant of this study is located in a typical industrial park in the Yangtze River Delta. The Yangtze River is China's longest river, at about 6300 km, and has an average discharge of 23 400 m 3 /s. 29 It receives large volumes of municipal and industrial wastewater and, consequently, has been dealing with heavy pollution for the last three decades. 30 The plant consists of four independent workshops (W) (Figure 1 ): Workshop K (Weaving), Workshop 1 and 2 (Scouring, Dyeing, Finishing, Drying, Heat Setting, and Quality Inspection), and Workshop 3 (Coating). Textiles for heavyweight garments, such as uniforms and fashion clothes, were produced in workshop 1, whereas lightweight garments, such as sportswear and outdoor clothes, were produced in workshop 2. However, the textiles were produced in the same way by using identical chemicals and amounts in the workshops 1 and 2. Mechanical ventilation in the workshops was provided using continuously operating exhaust fans that emitted untreated exhaust air to the atmosphere while pulling in fresh air on the other side of the workshop.
Sample Collection. In April 2014, 34 samples consisting of water, air (gas and particle phase), or settled dust were collected in three workshops, involving the following (Table S1 ). Airborne particles were sampled in duplicate using GFFs (Jiuding High-Tech Filtration, Ø 147 mm) deployed on lockers or production machines, at heights of approximately 1.5 to 2 m, for 17 days. The particle deposition fluxes F varied between 12 and 47 mg/ (m 2 ·d) with the minimum occurring in the office and the maximum occurring in the coating workshop (Table S2) . At the end of the sampling campaign, seven GFFs were used to wipe off settled dust from the same lockers or production machines. All GFFs were baked at 450°C for 12 h before usage and covered in aluminum foil. The air was sampled using polyurethane foam (PUF) disk passive samplers deployed for 17 days. 31 The PUF disks (14 × 1.35 cm, Tisch Environmental, Cleves, OH) were cleaned before usage with acetone, methanol, and hexane via Soxhlet extraction. The sampler housing was wiped with acetone and methanol before deployment. Procedural blank samples (3 PUF disks and 6 GFFs) were covered in aluminum foil and transported together with the sampling material to the textile manufacturing plant. The particle, dust, and air samples were stored at −20°C until extraction.
Chemicals. Twelve neutral compounds were monitored: fluorotelomer alcohols (6:2 FTOH, 8:2 FTOH, 10:2 FTOH, and 12:2 FTOH), fluorotelomer acrylates (6:2 FTAC and 8:2 FTAC), perfluoroalkane sulfonamides (MeFBSA, MeFOSA, and EtFOSA), and perfluoroalkane sulfonamidoethanols (MeFBSE, MeFOSE, and EtFOSE). Additionally, 20 ionic PFASs were monitored: perfluoroalkyl carboxylic acids (PFBA, PFPeA, PFHxA, PFHpA, PFOA, PFNA, PFDA, PFUnDA, PFDoDA, PFTrDA, and PFTeDA), perfluoroalkanesulfonic acids (PFBS, PFHxS, PFHpS, PFOS, and PFDS), fluorotelomer unsaturated carboxylic acids (6:2 FTUCA, 8:2 FTUCA, and 10:2 FTUCA), and the fluorinated alternative compound HFPO−DA. The full names of the PFAS compounds and all solvents, reagents, and chemical standards are listed in detail in Table S3 .
Sample Extraction and Instrumental Analysis. The extraction of the water samples was modified based on a previous study. 32 In contrast to that study, 500 mg of sorbent was used for the solid phase extraction (SPE, Waters Oasis Wax, 6 cm 3 , 60 μm particle size) and an additional cleanup using Envi-Carb (Supelclean ENVI-Carb, 250 mg, 3 cm 3 ) was deemed necessary for the effluent samples. Particles from the water samples that retained on GFFs were extracted with methanol using an ultrasonic bath (2 × 60 min). The amounts of particles and dust were gravimetrically determined after conditioning at 20 ± 2°C and 58 ± 2% relative humidity. Air and particle samples were halved to extract both neutral and ionic PFASs. One half was chopped and extracted via Soxhlet extraction using dichloromethane 33, 34 and methanol for the neutral and ionic compounds, respectively. Dust samples were extracted with methanol for the ionic PFASs. All samples were extracted for approximately 20 h. The extracts were reduced to 150 μL under a gentle stream of nitrogen (>99.999%) and filtered through 0.2 μm polypropylene filters (Puradisc, GE Healthcare Life Sciences). An additional cleanup using EnviCarb was applied for some air samples. Before extraction, all samples were spiked with 20 μL of a mass-labeled ionic PFASs solution (500 pg/μL) or with 40 μL of a mass-labeled neutral PFASs solution (250 pg/μL). Before instrumental analysis, mass-labeled [ 13 C 2 ]-PFOA was added as injection standard (10 μL, 100 pg/μL) for HPLC-MS/MS and 9:1 FTOH (10 μL, 100 pg/μL) for GC-MS. The instrumental analyses for ionic and neutral PFASs are described elsewhere. 32−34 Quality Assurance. Analytes were quantified plotting the ratio of the area of the analyte to the area of the corresponding mass-labeled internal standard on the y-axis and the ratio of the concentration of the analyte to the concentration of the corresponding mass-labeled internal standard on the x-axis. The calibration levels ranged from 0 to 500 pg/μL (11-point calibration). All solvent-based calibration curves were linear with correlation coefficients above 0. 13 C 2 ]-6:2 FTOH was overlapped by a matrix peak in some air samples. For the extraction of the dissolved and particulate phase of the water samples, the mean recovery rates of the internal standards ranged from 33 ± 15% ( 13 C 4 −PFOA) to 79 ± 41% ( 13 C 4 − PFBA) and from 51 ± 19% ( 13 C 4 −PFBA) to 79 ± 36% ( 13 C 2 -6:2 FTUCA), respectively (Table S4 ). The mean recoveries for the Soxhlet extraction ranged from 33 ± 15% ([ 13 C 2 ]-PFDA) to 185 ± 60% (d9-EtFOSE). The extraction efficiencies ranged from 43 ± 5% (HFPO−DA) to 92 ± 15% (PFBA). Because 13 C-labeled FTUCAs showed low recoveries for the Soxhlet extraction, the results have to be considered as semiquantitative. Procedural blank concentrations were taken into consideration when calculating sample concentrations, method detection limits (MDLs), and method quantification limits (MQLs). MDLs and MQLs are listed in Table S5 .
Statistical Analysis. The Kolmogorov−Smirnov test was used to determine the appropriateness of the data set for Pearson correlation. When the data set followed normal distribution at a significance level α of 0.05, we conducted Pearson correlation. When normal distribution was rejected, we conducted Spearman correlation. A two-tailed test was used to test statistical significance with p < 0.05. Cohen's definition was used to classify Pearson r and Spearman r SP as weak (≥0.1), moderate (≥0.3), and large/strong (≥0.5). 35 ■ RESULTS AND DISCUSSION Introductory Remarks. Filtration through GFFs may cause underestimation and overestimation of long-chain (C ≥ 9) PFAS concentrations in the dissolved and particulate phase, respectively, because sorption has been observed on GFFs for several sample matrices (<15% sorption for effluent water). 36, 37 PUF disks impregnated with XAD-4 (a styrene-divinylbenzene copolymer) are used preferentially for the trapping of PFASs because of a higher sorption capacity of the medium. However, limited preparation time before the sampling campaign made the impregnation with XAD-4 powder unfeasible. Furthermore, calibration studies, which are necessary to get locationdependent uptake rates and equilibration times, could not be
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Article carried out during the ongoing textile production. Therefore, we primarily report the passive sampling data on a mass per sample per day basis. For the calculation of workers' exposure scenarios and for the comparison with data from previous studies, we derived air concentrations, referred to 1 m 3 air, from reported linear uptake rates R and PUF-air partition coefficients K PUF-A (Table S6 ). For neutral PFAS concentrations in air, we only considered the PUF concentrations of 8:2 FTOH and 10:2 FTOH because they totaled 87% of the overall burden and reliable values for K PUF-A were available. 38 Equilibration times of more than 17 days were expected for the ionic PFASs, 39 as a previous study showed a linear uptake phase for PFSAs over several months. 40 For calculating air concentrations, we used an average gas-phase sampling rate R of 4 m 3 /d, according to the Global Atmospheric Passive Sampling (GAPS) network and other studies using the same sampler housing and same sized sampling medium. 31,40−42 However, air concentrations and, thus, the workers' exposure via inhalation have to be considered as rough estimations. The comparability with other studies is reduced because of different sampling techniques and input parameters for the estimation of the workers' exposure. In addition, PUF is able to accumulate both gas-phase and particle-bound pollutants. The sampler chamber principally protects the PUF disks from coarse particle deposition. However, PFASs associated with fine or ultrafine particles may also be collected, leading to overestimated air concentrations especially for ionic PFASs.
31,43−45
Ionic PFASs in Effluent Water. The most commonly used technique for textile finishing is called Pad-Dry-Cure or Padding, during which the textile is impregnated continuously with the DWR dispersion. The excess liquid is squeezed out through a pair of rollers to guarantee a uniform pickup of the chemicals and the wet textile is cured with heat afterward. When the excess liquid is removed, it leaves the manufacturing plant as wastewater. Thirteen ionic PFASs were quantified in the effluent from the textile factory's in-house wastewater treatment plant (WWTP) (Figure 2 , Table S7 ). PFTrDA and PFTeDA were detected only in the particulate phase, whereas PFBA was detected in the dissolved phase. The concentrations calculated in the fresh tap water were subtracted from the concentrations in the effluent water to take the PFASs input into the manufacturing site into account. The mean ΣPFASs concentration in the effluent's dissolved phase was 6690 ng/L, which was 2 orders of magnitude higher than the mean ΣPFASs concentration of 47.9 ng/L in the fresh tap water. The main compounds in the fresh tap water were PFBS, PFBA, and PFOA. In the effluent water, no short-chain PFSAs were detected and PFOS was only observed in low concentrations or below the MQL. In general, the PFSAs had no impact on the PFASs pollution at the manufacturing site, indicating that they had not been used during the textile manufacturing. PFHpA and PFOA contributed 54% to the overall burden in the effluent water, with mean concentrations of 1640 ng/L and 1950 ng/L, respectively. Additionally, PFPeA, PFDA, and 8:2 FTUCA contributed similarly to the ΣPFASs concentration, approximately 11%. FTUCAs were detected only in the effluent water, indicating that PFCA findings have resulted from the use of textile finishes that are based on FTOHs because FTUCAs are intermediates formed during biotransformation or aerobic biodegradation of FTOHs to PFCAs. 18, 46, 47 Higher PFCA concentrations were also found in treated effluent samples from a fluorotelomer polymer manufacturing plant compared with those from the influent, demonstrating the relevance of biotransformation during wastewater treatment. 48 About 95% of the ΣPFASs were distributed in the dissolved phase, whereas 5% were found on suspended particulate matter with a mean ΣPFASs concentration of 372 ng/L. The main compound in the particulate phase was PFDA with a percentage of 38%, followed by PFOA with 19%. Because adsorption to particles increases as carbon chain length increases, 49, 50 PFCAs with ≥9 carbon atoms showed a greater proportional contribution to the ΣPFASs concentration in the particulate phase than to the ΣPFASs concentration in the dissolved phase. Additionally, the composition ratios of 6:2 FTUCA and 8:2 FTUCA were slightly higher in the particulate phase than they were in the dissolved phase. A similar observation was made for 8:2 FTUCA and other precursors in samples from Tokyo Bay in 2012. 51 In 2011, an average ΣPFASs concentration of 165 ng/L, which is approximately 40 times lower than our result, was found in wastewater from a textile manufacturing site discharging, likewise, into the Yangtze River Delta. 26 However, this facility from Ningbo used "advanced technology" for its sewage treatment, whereas the effluent from our study was treated only biologically before being analyzed. Similarly to our study, though, PFOA was the dominant compound detected, but with a higher proportional contribution of about 83%. Clara et al. observed smaller PFAS concentrations of 664 ng/L in the effluent of a textile production facility, where yarn had been manufactured, bleached, and dyed, and PFNA contributing 48% to the overall burden. 25 In the Yangtze River, we found mean ΣPFASs concentrations of 103 ng/L in the dissolved phase and 14.3 ng/L in the particulate phase, with PFOA and PFUnDA as the main compounds, respectively. Before being discharged into the Yangtze River, the in-house biologically treated effluent has been treated in a local WWTP that receives about 70% of its wastewater from the surrounding textile industry. The WWTP is located 1 km upstream from the sampling site in the Yangtze River. However, it is unknown where the effluent has been discharged into the Yangtze River and whether the water samples from the Yangtze River were influenced by the surrounding textile industry. In 2013, mean ΣPFASs concentrations of approximately 30 ng/L, with PFBS, PFHxA, and PFOA as the main compounds, were detected in the dissolved phase close to our sampling site. 30 PFASs in Air. Neutral PFASs. Neutral PFAS concentrations in air are shown in Table S8 . Twelve compounds were detected with ΣPFASs concentrations ranging from 188 ng/(sample·d) (coating) to 3260 ng/(sample·d) (drying in W1). The high concentrations observed close to the DWR treatment are primarily related to the heat curing process of the wet textile. This is exemplified in the work undertaken by Washington et al., who observed a loss of neutral residuals in fluorotelomerbased polymers (FTPs) by 2 orders of magnitude during the curing at 127°C. 12 The PUF disks were dominated by 8:2 FTOH and 10:2 FTOH, which accounted for 55 ± 7% and 32 ± 10% of total neutral PFASs, respectively. In general, 6:2 FTOH had a smaller contribution with 12 ± 10% but had a higher contribution at the drying process in workshop 1 with a concentration of 898 ng/(sample·d). A similar pattern was observed in three commercial FTP dispersions, where the ratios of residual FTOHs were averagely 3:61:36 (C6:C8:C10), indicating that the DWR solution used for the textile finishing had a residual composition comparable to that of the FTP dispersions.
11,12 Concentrations of 12:2 FTOH, FTACs, perfluoroalkane sulfonamides (FASAs), and FASEs were considerably lower, with a mean of 2 ng/(sample·d) of the compounds' average concentrations. Estimated air concentrations for 8:2 FTOH and 10:2 FTOH were between 5.1 and 91.3 μg/m 3 and 1.2 and 18.2 μg/m 3 , respectively (Table S6 ). Previously reported air concentrations derived from passive sampling typically ranged from a few pg/m 3 to several ng/m 3 for both outdoor and residential indoor air. 6,41,52−56 Elevated indoor air concentrations were detected in stores selling furniture and outdoor equipment at up to 458 ng/m 3 with 8:2 FTOH as the main compound.
6,57 However, those concentrations were still 2 orders of magnitude lower than the concentrations observed in our study.
Ionic PFASs. The ionic PFAS concentrations in air are shown in Table S9 . Fifteen compounds were detected with ΣPFASs concentrations ranging from 4.1 ng/(sample·d) (outdoors) to 80.6 ng/(sample·d) (drying in W1). In general, the concentrations were 2 orders of magnitude lower than those of neutral PFASs, reflecting not only the lower vapor pressure of PFCAs compared with that of neutral PFASs but also the lower amount of PFCAs in fluorinated polymers. PFCAs were found in FTP dispersions as nonintended impurities with concentrations that were, likewise, 2 orders of magnitude lower than that of FTOHs. 12 Interestingly, the PFCA/FTOH ratios in our air samples were identical with those in a commercial DuPont FTP dispersion, i.e., 0.03:0.01:0.01:0.02 (PFHxA/6:2 FTOH:PFOA/8:2 FTOH:PFDA/10:2 FTOH:PFDoDA/12:2 FTOH). 12 The PUF disks were dominated by PFOA with a mean proportion of 53%, followed by PFHxA and PFDA with contributions of 20% and 11%, respectively. Interestingly, PFHxA had a higher contribution than its precursor compound 6:2 FTOH, whereas PFDA had a smaller contribution than 10:2 FTOH. These surprising findings may be explained by the decrease of the vapor pressure with increasing chain-length, influencing primarily the gas-particle partitioning of the PFCAs. PFHxA had, in accordance with its precursor compound 6:2 FTOH, the highest concentration (36.1 ng/(sample·d)) and the highest proportion (45%) at the drying process in W1. Although the air sample at the drying process in W1 had the highest ∑PFASs concentration, several compounds, such as PFDA, had higher concentrations next to the scouring process, assuming that the scouring is, likewise, a source of PFAS emissions by the use of PFAS-based surfactants.
Data for ionic PFASs in the gas phase are limited, because these compounds preferably attach to particles. However, PFOA concentrations ranging from not detected (n.d.) to 540 pg/(sample·d) were reported in European air. 39 Elevated concentrations were observed close to an ethylene tetrafluoroethylene manufacturing site (8.7 ng/(sample·d)) and close to a construction site of a new office block (27 ng/(sample·d)). Those concentrations were somewhat higher than ours observed outdoors (average of 1.7 ng/(sample·d)). Shoeib et al. reported mean concentrations of approximately 300 pg/m 3 and 6 pg/m 3 in indoor and outdoor air, respectively. 52 Mean air concentrations in this study were approximately 30 times (9610 pg/m 3 indoors) and 175 times (1050 pg/m 3 outdoors) higher. PFASs in Airborne Particles. Neutral PFASs. As neutral PFASs have high vapor pressures and low log K OA values, they occur mainly in the gas phase. Typically, less than 10% of FTOHs and FTACs are associated with particles. However, the gas-particle partitioning may vary significantly depending on the sampling site as well as the loading of total suspended particulate matter and ambient temperature. 58−62 The particlephase percentages of FASAs and FASEs are typically higher, ranging from about 10 to 40% because of higher log K OA values. 58, 59, 63 Neutral PFAS concentrations in airborne particles are shown in Table S10 . Twelve compounds were detected with ΣPFASs concentrations ranging from 33 800 ng/g (coating) to 1 110 000 ng/g (office). Samples were dominated by 10:2 FTOH, with a mean proportion of 56 ± 8%, followed by 8:2 FTOH with 32 ± 5%. In contrast to commercial FTP dispersions, 11,12 the concentrations of 10:2 FTOH exceeded that of 8:2 FTOH, reflecting possibly a stronger sorption potential to airborne particles due to a longer chain length. FTOHs accounted for approximately 96% of the total neutral PFASs, whereas FTACs accounted only for 2%. The percentages of 8:2 FTAC ranged from 3% to 37% in commercial FTP dispersions and were somewhat higher than in our airborne particle samples. The concentrations of 8:2 FTAC were predominantly higher than that of 6:2 FTAC, which is in accordance with the findings of FTOHs and with the composition of commercial FTP dispersions. 11,12 EtFOSE had, in general, concentrations ranging from < MDL to 41.0 ng/g, except at the coating treatment with a mean concentration of 219 ± 69 ng/g. It was assumed that this compound was used as a raw material or additive for coating agents rather than for DWR agents.
Ionic PFASs. Under environmentally relevant conditions, > 99.99% of PFCA molecules will occur as anions. 64 The vapor pressure of the anionic form of PFOA is assumed as negligible. 65 The lower the vapor pressure of a compound, the higher the tendency to adsorb to surfaces and particles. 66 Assuming that the vapor pressure is negligible for all anionic conjugate bases of PFCAs and considering that the vapor pressure decreases with increasing chain-length, PFCAs should
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Article be found attached to particles rather than in the gas phase. 65, 67, 68 PFCAs might be released as impurities from textile finishes that are based on fluorinated polymers both associated with particles or unassociated followed by a rapid adsorption to particles. 69 Additionally, PFCAs may be formed during the degradation of FTOHs, 17, 70 which can easily volatize because of their high vapor pressure from fluorinated polymerbased textile finishes. This hypothesis is supported by the semiquantitative findings for the FTUCAs, which are formed as intermediates during the transformation.
Ionic PFAS concentrations in airborne particles are shown in Table S11 . Fifteen compounds were detected with ΣPFASs concentrations ranging from 4730 ng/g (coating) to 224 000 ng/g (office). The average concentrations of ionic PFASs totaled approximately 14% of those for neutral PFASs, reflecting the lower amount of PFCAs in fluorotelomer-based polymers compared with that of FTOHs. 12 Samples were dominated by PFOA and PFDA that, on average, accounted for 71% of the total ionic PFASs. These results were consistent with those of neutral PFASs, where the corresponding precursor substances 8:2 FTOH and 10:2 FTOH also dominated the distribution pattern. Interestingly, PFOA and PFDA had moderate relationships with their corresponding precursor substances (r SP = 0.40), but statistically significant relationships with 12:2 FTOH (r SP > 0.62) (Table S12) . A comparable observation was made for 8:2 FTOH and PFOA in indoor air, indicating a restriction on the mechanism of precursor transformation in the presence of NO x . 17, 52, 70 PFHxA showed a statistically significant relationship with 6:2 FTOH (r = 0.59), whereas PFDoDA had a weak correlation with 12:2 FTOH (r SP = 0.25).
PFASs in Settled Dust. Settled dust is a heterogeneous material containing varying percentages of inorganic and organic material and particle sizes ranging from a few μm to several mm. The presence of organic pollutants in settled dust strongly depends on the composition of the dust samples, leading to a reduced comparability among samples. 66 Additionally, the comparability among studies may be reduced when a sieving process is conducted. In contrast to the ΣPFASs concentrations in airborne particles, the ΣPFASs concentrations in settled dust were up to 2 orders of magnitude lower and in a comparable range across the samples (Table S11) . Sixteen compounds were detected with ΣPFASs concentrations ranging from 1390 (coating) to 6580 ng/g (workshop 1). Average concentrations that were up to 3 orders of magnitude higher than in our study, between approximately 49 700 and 1 170 000 ng/g, were reported in dust from manufacturing plants producing fluorochemicals. 71−73 Mean concentrations of approximately 600 and 230 ng/g were found in house dust from Canada and Norway, respectively. 52, 74 In offices, mean concentrations of 294 and 1540 ng/g were observed, which were 10 and 2 times lower, respectively, than our result (2950 ng/g). 75, 76 The main compound was PFOA with a mean contribution of 28% to ∑PFASs concentrations, followed by PFDA and PFNA with mean contributions of 18% and 12%, respectively. In general, the distribution pattern for settled dust varied more than that for airborne particles with average percent compositions of up to 7% for carboxylic acids with more than 11 carbon atoms. Besides, these compounds were the only ones that showed similar concentration levels in settled dust compared to those in airborne particles. In the literature, distribution patterns vary greatly among sampling sites and environments. For example, the distribution pattern in a Chinese fluoropolymer manufacturing plant was characterized mainly by PFOS, PFOA, and PFHxS, whereas PFHxA, PFNA, and PFDoDA were prevalent in home dust from Norway. 71 Within the same workshop, the ΣPFASs concentrations differed by a factor of approximately 2 (workshop 1) and 3 (coating), indicating that there were different exposure times of the dust to the PFASs or different distances to the primary pollution source. Comparing the samples from the same workshop in more detail, it was seen that the short-chain PFCAs (PFBA, PFPeA, and PFHxA) showed higher concentrations in the samples where the long-chain PFCAs had lower concentrations. Statistical regressions showed that there were strong relationships among the short-chain PFCAs (r > 0.51) and even statistically significant correlations between PFBA and PFPeA (r = 0.92) and between PFHxA and PFHpA (r = 0.85) (Table S13 ). Between the short-chain and long-chain PFCAs, there was generally a weaker (positive and negative) or no relationship (0.40 > r > −0.36). Exceptions were PFHpA and PFOA, which showed a statistically significant correlation with each other (r = 0.90) and moderate or strong relationships with both short and long-chain PFCAs. Similarly to the short-chain PFCAs, there are moderate or strong relationships among the long-chain PFCAs (0.44 < r < 0.99) with several statistically significant correlations. The results indicated that the uneven distribution and the age of the dust notably influenced the presence of PFASs in the dust. It might be that the dust PFAS Emissions along the Textile Manufacturing Chain. Figure 3 shows the distribution of PFASs in air, airborne particles, and settled dust along the textile manufacturing chain. PFAS concentrations in air/airborne particles were similar in workshop 1 and workshop 2, contributing approximately 19%/10% and 17%/9%, respectively, which reflected the identical manufacturing processes of the textiles in both workshops. Interestingly, the scouring and heat setting contributed 13% and 16% to air pollution, respectively. PFAS concentrations may have resulted from the DWR treatment, which takes place in the same workshop, as observed in printing workshops for the detection of nonmethane hydrocarbons.
77 However, differences in the distribution of PFASs in air and airborne particle samples indicated that PFASs may be involved in manufacturing steps apart from the DWR treatment. For example, elevated concentrations were detected for 6:2 FTAC and 6:2 FTOH on GFFs that were deposited close to the drying process compared with the samples next to the scouring process and vice versa for 10:2 FTOH.
Because PFAS concentrations in airborne particles and dust observed in the coating workshop were comparable with those from the other workshops, similar air concentrations, or even lower than those observed outdoors, were unexpected. The low concentrations may be explained by higher humidity in the workshop caused by greater steam exhaustion, leading to a lesser extraction efficiency of the sampling medium. However, PFASs were detected in high concentrations in the coating workshop, although they were not used intentionally as coating ingredients. Additionally, the distribution pattern of PFASs in the airborne particles revealed that the coating treatment may be, likewise, a source of PFAS emissions. Thus, elevated amounts of primarily MeFBSA and EtFOSE were found in airborne particles during the coating treatment, whereas FTOHs and FTACs had lower concentrations, concluding that different fluorine-based auxiliary components or different amounts of these were used for the individual manufacturing steps. This hypothesis is supported by statistical regressions showing generally positive relationships among FTOHs and FTACs of up to r SP = 0.81, whereas FTOHs/FTACs and MeFBSA/EtFOSE were mostly negatively correlated (Table  S12) .
In the dust, 34% of total concentration was found in workshop 1, attributable to one sample showing a concentration of approximately twice that of the other samples. The other sampling locations contributed similarly to the total concentration. PFAS concentrations in airborne particles were highest in the office, which is located within workshop 2, and contributed 66% to the total concentration. Mainly responsible for the elevated concentrations were 8:2 FTOH, 10:2 FTOH, 12:2 FTOH, MeFBSA, MeFOSA, PFOA, and PFDA, which all showed concentrations an order of magnitude higher in the office than in the other workshops. Contrarily, 6:2 FTAC had notably lower concentrations in the office than in workshop 1. However, there may be several reasons for the high concentrations in the office. (1) PFASs got to the office and adsorbed to particles because of a lower room temperature and lower humidity. (2) PFASs got to the office, were trapped, and accumulated inside because only one door was regularly open, causing a lesser air exchange and a lesser air circulation. (3) A smaller particle-size. It may be that coarse particles are found in the workshops because of abrasion from the production machines, whereas finer particles predominate in an office environment leading to a higher amount of particle-bound PFASs due to a higher particle surface area. (4) The office provides entrance to a laboratory for quality tests, where the final product is tested on, among others, color fastness and elasticity. Therefore, the textile is prepared and cut in the office, possibly resulting in fine textile fibers depositing onto the GFFs. Overall, elevated amounts of particle-bound PFASs in the office are of concern, especially if fine particles are predominant because of their potential to reach the alveoli after inhalation.
Limited data are available about the emission of PFASs during their industrial use. Until now, peer-reviewed studies focused mainly on the emission of PFASs from fluorochemical or fluoropolymer manufacturing facilities. 71−73,78−80 Concentrations of ionic PFASs in settled dust and effluent water from the fluorochemical or fluoropolymer industry were typically up to 3 orders of magnitude higher than those from the textile manufacturing plant of this study. However, PFASs were detected along the textile manufacturing chain, involving high emissions into the atmosphere and into effluent water. Longchain 8:2 FTOH, 10:2 FTOH, PFOA, and PFDA were the compounds emitted most from the manufacturing plant, although the plant workers stated to use "C 6 " chemistry instead of "C 8 " chemistry. Reasons may be the widespread use of PFASs as surfactants in scouring, dyeing, or coating agents as well as the detection of C 8 compounds as relics of the past.
Workers' Exposure to PFASs. Principally, diet is the dominant exposure pathway of PFASs for humans. 81 However, inhalation of air (gas and particle phase) and ingestion of dust become notably important when humans are exposed to PFASs during work. Several studies confirm that PFAS concentrations in human serum are significantly higher when workers were occupationally exposed. 71, 81, 82 However, those studies mainly focused on workers from fluorochemical or fluoropolymer manufacturing plants. To the best of our knowledge, there is no study focusing on the exposure to PFASs during the manufacturing of textiles. We therefore used PFAS concentrations in air, airborne particles, and dust to estimate the workers' exposure in the textile manufacturing plant. To consider the uncertainty of several input parameters, two exposure scenarios were assumed: a mean-and a high-intake scenario based on medium and 95th percentile concentrations, respectively. A detailed description of the calculations and the input parameters are given in the SI. Figure 4 and Table S15 show the workplace exposure for various scenarios and pathways. Principally, direct exposure via inhalation was 3 orders of magnitude higher to neutral PFASs (1180−7990 ng/(d·kg), ranges represent estimates from the mean-and the high-intake scenario) than to ionic PFASs (0.6− 1.1 ng/(d·kg)), reflecting the higher amount of neutral PFASs in the gas phase than that of ionic PFASs. Exposure to FTOHs was up to 5 orders of magnitude higher than the background exposure of the general western population (0.04−0.1 ng/(d· kg). 83 Schlummer et al. estimated the exposure to 8:2 FTOH at indoor sites dealing with materials containing fluorine treated surfaces. The estimates ranged from 3.4 to 23.4 ng/(d·kg), which is lower by 2 orders of magnitude than the intake of 8:2 FTOH in the textile manufacturing plant (933−6520 ng/(d· kg)). 57 
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According to Vestergren et al., indirect exposure to PFOA rather results from the migration of FTOHs from packaging material into food than from the inhalation of FTOHs. Contribution of FTOHs to total PFCA exposure via inhalation was estimated between 0.3 and 11%, with clothing impregnation sprays and carpet care solutions being responsible for higher exposures if used indoors. 84, 85 In this study, indirect exposure to ionic PFASs via biotransformation of FTOHs after respiration of the gaseous phase was estimated to be up to 2 orders of magnitude higher than direct exposure ranging from 5.9 to 136 ng/(d·kg). Indirect exposure accounted for 91−99% of the total ionic PFASs exposure via inhalation.
Exposure to ionic PFASs through dust ingestion was similar compared to direct exposure to ionic PFASs via air inhalation with 0.5−1.3 ng/(d·kg) and 0.6−1.1 ng/(d·kg), respectively. Fromme et al. assessed the background exposure for the general population in western countries based on PFAS findings from various studies. 83 Dust and air contributed a minor part to the overall exposure between 0.57 and 8.15% and 0.08 and 0.10%, respectively. The intake of PFOA via dust ranged from 0.02 to 1.0 ng/(d·kg), which is comparable, especially for the medianintake scenario, to the estimates for PFOA in this study (0.1− 0.2 ng/(d·kg)). The intake of ionic PFASs via house dust in Catalonia, Spain, was estimated to be lower ranging from 0.05 and 0.3 ng/(d·kg). 86 Fu et al. calculated a daily intake of ionic PFASs via dust of 1680 ng/(d·kg) and 1.0 ng/(d·kg) for workers of a fluorochemical plant and ordinary residents, respectively. 71 The exposure of those workers was 3 orders of magnitude higher than of workers from the textile manufacturing plant.
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